Transcriptional activators bind DNA and recruit cofactors to modify chromatin. The extent to which these two events are separable is unclear. Here, using a custom ChIP tiling array to map chromatin modifications, we show that interferon-␥-induced DNA binding of signal transducer and activator of transcription 1 (STAT1), typically associated with the transcription factor interferon regulatory factor 1 (IRF1), causes histone acetylation (H3ac, H4ac). In contrast, among IRF1 sites lacking concomitant STAT1 recruitment, only 25% underwent inducible histone acetylation, 31% exhibited constitutive histone acetylation, and 44% had no histone acetylation. These latter "orphan sites" also lacked other activating modifications (e.g. H3K4me1, H3K4me2) and were typically remote from transcription start sites. In these cases the closest gene was typically an IFN␥-inducible locus that did not respond to IFN␥ in this setting. Orphan sites were detected in different cell types, suggesting broad relevance. Despite an atypical downstream response (i.e. no histone modifications), IRF1 binding depended on SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A, member 4 (SMARCA4 or BRG1), as is typical of active IRF1 enhancers. Although SMARCA4 permitted IRF1 access to the orphan sites, there was no corecruitment of the histone acetyltransferases CREB-binding protein (CBP) and p300. Orphan sites were constitutively unacetylated, and several were marked with repressive chromatin modifications (e.g. H3K27me3). In conclusion, although IRF1 can trigger enhanceosome formation independently of STAT1, its ability to do so depends on local chromatin cues.
scription is recruited in an orderly cascade that includes activator proteins that bind directly to short DNA motifs, coactivators that bind activators and move or chemically modify nucleosomes, and general transcription factors that associate with activators and coactivators (1) . The entire cascade can take minutes, for example at cytokine-or growth factor-induced genes, or days, such as at differentiation-responsive gene targets (2) (3) (4) .
Chemical modification of histones is a universal theme during gene activation and can include acetylation, methylation, phosphorylation, and other post-translational events (5) . Multiple studies of individual or a few genes have suggested that cofactor binding and histone modification inevitably follow activator recruitment. However, it is unclear whether activator binding is always sufficient to induce cofactor recruitment and histone modifications. In vitro work showed that cofactor recruitment is more efficient when multiple activators are cobound to an enhancer, presenting a larger and higher-affinity binding surface (6) . Nevertheless, whether individual activators bind to DNA in vivo without concomitant coactivator recruitment and histone modification is uncertain. The estrogen receptor ␣ (ER␣) 2 induces histone acetylation and methylation at some binding sites, but many binding events are unproductive and not associated with cofactor recruitment or chromatin modification (7, 8) . Nuclear receptors can act as silencers or activators, so the extent to which other types of activators bind without modifying chromatin is unclear.
Interferon-␥ is an immune cytokine that can induce the expression of hundreds IFN-stimulated genes (ISGs). Receptor binding to the extracellular surface triggers activation of Janus kinase 1 on the intracellular side, which phosphorylates the transcription activator STAT1. Phosphorylated STAT1 forms dimers that translocate to the nucleus, bind to ␥-activated sequence motifs, and induce expression of ISGs (9) . One of the major early targets of activated STAT1 is the transcription factor interferon regulatory factor 1 (IRF1), which cooperates with STAT1 to induce a second wave of ISGs. One such target of STAT1 and IRF1 is the class II transactivator (CIITA, or MHC2TA), which is the master regulator of major histocompatibility complex class II gene induction (10) . This entire cascade of gene induction takes only 5-6 h and represents an ideal system to study events associated with activator binding. Recently, we reported that there are twice as many IRF1 versus STAT1-binding events, and although STAT1 is usually found in close proximity to IRF1, the reverse is not the case (11) . Whether there are other fundamental differences in the effect of recruiting these two factors is unknown.
Both STAT1 and IRF1 can recruit cofactors that modify chromatin. Of particular relevance here is their ability to bind to several HATs. In view of their common ability to recruit HATs and their cooperative role in the same pathway, one might expect that histones at the enhancers they interact with would be modified accordingly. However, work on the IFN␥-responsive GBP2 promoter revealed that when STAT1 is mutated to prevent DNA binding, IRF1 is still recruited but does not induce histone acetylation (12) . The degree to which this occurs in physiological settings is unknown, as are the distinguishing features of such inactive enhancers.
Our prior genome-scale analysis identified many isolated (STAT1-free) IRF1 sites (11) , allowing us to address the degree to which IRF1-binding affects histone modification in vivo. It also allowed us to deduce whether there is any location bias for different classes of IRF1 enhancers, and the chromatin features associated with these subtypes. We identified many isolated IFN␥-induced IRF1-binding events that can induce histone acetylation independent of STAT1, but equally almost half of all such isolated IRF1 sites did not induce histone acetylation or other activating histone modifications. Most of these "orphan sites" were at remote locations, not promoters, but the nearest gene was typically an unresponsive (resistant) ISG. Orphan IRF1 sites did not recruit coactivators and were associated with silencing chromatin marks. Thus, although IRF1 can access repressive chromatin, the local environment appears to define its ability to trigger STAT1-independent enhanceosome formation.
Results

Basal and IFN␥-induced histone acetylation
Using a custom array employed previously to study STAT1 and IRF1 binding (4, 11), we mapped histone H3 and H4 acetylation before and after IFN␥ treatment in HeLa cells. The array covers 16 Mb of sequence, representing nonrepetitive DNA on 11 chromosome segments that are heavily enriched for ISGs (4, 11) . For ChIP analysis we used antibodies that recognize H3 acetylated on residues Lys 9 and Lys 14 or H4 acetylated on Lys 5 , Lys 8 , Lys 12 , and Lys 16 . Detailed acetylation maps are shown in Fig. 1A and Fig. S1 and can be viewed in browser format at http://research.lunenfeld.ca/IFNy. 3 ChIP-qPCR was used to validate our ChIP-chip data (Fig. 1B) . A detailed summary of the numbers of H3ac and H4ac peaks across studied regions is provided in Table S1 . We detected a total of 703 separate positions with acetylated histones (H3ac and/or H4ac) in untreated cells, occupying a total of 788 kb of sequence, with average peak width of 1120 bp (range 479 -7210), covering 5% of the studied chromatin. After IFN␥ treatment, there were 747 acetylated positions that occupied 852 kb, an average of 1140 bp per peak (range 479 -8429). In total, 247 of 747 sites exhibited inducible histone acetylation (a mix of off/on and on/up) (Table S1) , which was not associated with a global increase in total H3ac and/or H4ac. 4 Only one H3ac site showed a statistically significant drop in acetylation. Thus, as expected, IFN␥ treatment triggers chromatin acetylation.
The scope of H3ac was similar in untreated versus treated cells (677 peaks covering 714 kb in untreated cells versus 629 covering 686 kb in IFN␥-treated cells). The slight "drop" in H3ac peaks after treatment mainly reflects a reduction in marginal (although significant) basal acetylation. In contrast, there were far fewer basal H4ac than H3ac peaks (192, 3.5-fold less than H3ac, covering 160 kb, 4.5-fold less than H3ac). A prior study also noted stronger and wider H3ac signals compared with H4ac at promoters and enhancers (13) . However, we found that H4ac rose considerably after IFN␥ treatment (to 394 sites covering 399 kb, now only 1.6-and 1.7-fold less than H3ac, respectively). In IFN␥-treated cells, 91 (14%) H3ac sites versus 156 (40%) H4ac sites were cytokine-induced. Thus, basal acetylation is biased toward H3, whereas IFN␥-induced acetylation is biased toward H4.
Next, we assessed the position of H3ac and H4ac sites relative to gene starts. 64 and 63% of all acetylated sites were within 5 kb of known gene starts in untreated or treated cells, respectively (Table S1 ). Similar distributions were observed individually for either all H3ac sites (65% ϪIFN␥, 68% ϩ IFN␥), all H4ac sites (69% ϪIFN␥, 61% ϩIFN␥), or constitutive H3ac (67%) and constitutive H4ac (64%) (Fig. 2A, Fig. S2A , and Table S1 ). However, induced H3ac sites were more likely to be promoter-proximal (73%) compared with induced H4ac sites (56%) (Fig. 2B and Table S1 ). Randomly generated sites did not show this pattern (Fig. S2B) . Thus, in line with previous work (14 -16) , histone acetylation is mainly promoter-proximal, but still a large fraction is located at remote sites.
Next we assessed the degree of overlap of H3ac and H4ac marks. Basal H3ac sites were typically isolated (79%, 524 of 677), whereas the majority of H4ac sites colocalized with H3ac (72%), consistent with the larger number of H3ac sites (677 versus 192) (Table S1 ). Conceivably, constitutive H3ac sites prime IFN␥-induced histone acetylation because a large fraction of IFN␥-induced H3ac or H4ac sites were marked with basal H3ac (68 or 49%, respectively). Frequently, induced H3ac occurred at dual sites, and 63% (58 of 91) of inducible H3ac sites was observed at any H4 acetylated sites, whereas only 38% (201 of 542) of constitutive H3ac sites (i.e. unchanged Ϫ or ϩ IFN␥) were dual (Table S1 and Fig. S2B ), increasing total dual H3ac from 21% (139 of 677) before treatment to 39% (239 of 629) after IFN␥ treatment (Table S1 ). In contrast, both constitutive and inducible H4ac sites showed comparable frequencies of overlap with any H3 acetylation (68 and 59%, respectively) (Fig. 2B ). Additional acetylation maps are provided in Fig. S1 . B, ChIP-qPCR validation. Arbitrarily selected ChIP-chip H3ac and H4ac sites were examined by ChIP-qPCR on chromatin from HeLa cells with no or 6 h of IFN treatment. Ն95% of peaks were validated in both cases.
IRF1 recruitment without histone modification
Randomly generated sites showed much less overlap with H3ac or H4ac (Fig. S2B) . Thus, most basal H3ac is isolated and may prime IFN␥-induced acetylation, preferentially generating dual H3/4ac sites.
Next, we assessed distribution of dual versus isolated marks at gene starts and/or distal locations. Dual H3ac sites were more common at promoter-proximal versus remote regions (2.5-2.9-fold enrichment for all, constitutive or inducible H3ac sites; Fig. 2B ). There was a similar proximal bias for most categories of dual H4ac sites (Fig. 2B ). Isolated H3ac sites were also skewed to gene promoters albeit to a lesser extent compared with dual sites (1.7-2.3-fold; Fig. 2B ). In contrast, isolated (all, constitutive, or induced) H4ac sites were enriched at distal regions (1.2-1.7-fold; Fig. 2B ). The preponderance of isolated inducible H4ac at remote sites was evident at multiple loci (e.g. STAT1 and CIITA/SOCS1 regions and GBP, IFI200, and IFIT clusters; Table S1 ). In summary, whereas isolated H3ac and dual H3ac/ H4ac are predominately promoter proximal, isolated H4ac is more often located at distal elements, especially those induced by IFN␥.
Only a subset of STAT1/IRF1-binding sites are preacetylated
Regulatory elements at poised loci can be premarked with active chromatin marks (17, 18) . By integrating prior data on STAT1/IRF1 recruitment (11), we assessed whether these TFbinding sites were premarked with histone acetylation in the basal state. Of all 230 distinct TF-binding positions (Fig. 3A,  STAT1 and/or IRF1), just under one half were preacetylated before IFN␥ treatment. Most (66%) preacetylated TF sites were promoter proximal, which was higher (80%) at dual STAT1/ IRF1 sites (Fig. 3A) , suggesting a more suitable chromatin state for TF binding. The lower fraction of preacetylated remote TFbinding sites (34%) was similar to the 25% of STAT1 sites that show basal H3K4me (18) . Comparison of isolated STAT1 and IRF1 sites showed that the preacetylated fraction was similar for either TF at promoters (70%), but at remote locations 47% of STAT1 versus only 28% of IRF1 sites were preacetylated. Only 21% of remote dual IRF1 ϩ STAT1 sites were preacetylated. In summary, preacetylation is common at ISG promoters, especially those that recruit both STAT1 and IRF1, but although it is seen at approximately half of remote STAT1 sites, most remote IRF1 sites are not preacetylated, including those that show dual IRF1/STAT1 binding.
Most IFN␥-induced histone acetylation correlates with STAT1 and/or IRF1 binding
Next, we assessed whether IFN␥-induced acetylation correlates with STAT1/IRF1 binding. 69% of all inducible acetylation events occurred within 1 kb of STAT1/IRF1-binding sites and 90% were within 5 kb (Fig. 3B ), which accords with previous results showing that STAT1 and IRF1 bind HATs (6, 19 -23) and supports the notion that most inducible acetylation is linked to STAT1/IRF1 recruitment. The overlap between acetylation and TF binding was skewed to promoter proximal sites (Fig. 3B ). Similar distributions were observed when all inducible H3ac or inducible H4ac sites were considered separately. 91% of dual inducible H3ac and H4ac sites were located within 1 kb of a TF-binding site (Fig. 3B) . Although 70% of the isolated inducible H4ac were within 1 kb of a STAT1 or IRF1 binding site, only 36% of isolated inducible H3ac sites showed STAT1 or IRF1 binding. Negligible overlap was observed between STAT1/IRF1 peaks and randomly generated peaks (Fig. 3B) . Overall, induction of histone acetylation correlates with STAT1/IRF1 binding, but a significant fraction of isolated H3ac modification could be due to recruitment of (an)other 
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factor(s) or may occur indirectly through looping to one or more of the STAT1/IRF1-binding enhancers.
Distinct effects of isolated IRF1 sites on histone acetylation
STAT1 can recruit HATs (12, 19, 20, 23) , and indeed we found that 90% of isolated STAT1 sites were associated with histone acetylation, with most (70%) showing induced H3/4ac and 87% of dual STAT1/IRF1 sites (87%) exhibiting induced histone acetylation (Fig. 3C) . IRF1 also binds HATs (6, 21, 22) , but at the IFN␥-induced GBP2 promoter, it is insufficient to induce histone acetylation if STAT1 binding is blocked (12).
Whether and/or the extent to which such unproductive DNA binding applies at physiological IRF1 sites naturally lacking STAT1 is unclear. Our analysis revealed that 25% of isolated IRF1 sites showed inducible acetylation, 31% exhibited constitutive acetylation, and 44% lacked acetylation. The unacetylated IRF1 sites that lack STAT1 (i.e. unacetylated, isolated IRF1 sites) were labeled orphan sites to discriminate them from other IRF1 sites with concomitant STAT1 binding and/or histone acetylation. These data reveal distinct classes of IRF1 binding sites across the genome. Strikingly, 87% (53 of 61) of orphan sites were remote, whereas the majority (65%) of acetylated 
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IRF1 sites were promoter proximal (Fig. 3C) . Indeed, 49% (53 of 109) of all remote IRF1 sites were orphan. Thus, although STAT1 binding is almost always linked to acetylation, the effect of IRF1 recruitment is context-dependent.
Next, we compared the distribution of orphan and nonorphan IRF1 sites in HeLa cells to different classes of IFN␥-target genes. Previously we compared HeLa transcriptome data with that of IFN␥-regulated genes in multiple other cells types and divided HeLa ISGS into those where IFN␥ caused induction, no effect (resistant ISGs), or repression and whether the effect was early (detected by 6 h) or late (24 or 48 h) (11) . We integrated the HeLa transcriptome and ChIP data sets to compare the distribution of nonorphan versus orphan IRF1 sites relative to the nearest ISG gene class (Fig. 4A) and to calculate their TFenrichment ratios (TERs), where the fraction of IRF1 sites is normalized to that of randomly generated sites (Fig. 4B) (11) . The most proximal gene was an ISG for 60% of productive (nonorphan) IRF1 sites, which reduced to 40% for orphan IRF1 sites, but was still considerably higher than the 20% for randomly generated sites (Fig. 4A) . Moreover, TER analysis showed that although nonorphan IRF1 sites were enriched at promoter-proximal regions of early and late ISGs, orphan IRF1 sites were enriched at remote sites linked to either early ISGs or resistant ISGs (Fig. 4B) . The latter is consistent with nonproductive IRF1 recruitment, although looping data would be required to conclude unambiguously whether the nearby ISG is the actual target. Irrespective, these analyses demonstrate that orphan IRF1 sites are located almost exclusively at remote elements. These data also suggest that orphan sites are not randomly distributed but are proximal to ISGs. Potentially, therefore, orphan sites are productive enhancers in some cell types.
Generality of orphan IRF1 sites
To validate and extend the ChIP-chip data, we selected 12 of the 61 orphan IRF1 sites (Or1-12) for ChIP-qPCR analysis (browser shots are provided in Fig. S3 ). These sites were compared with seven locations at the CIITA and SOCS1 loci that were positive for IRF1 or STAT1 binding and H3/4 acetylation and four negative controls at these loci that lacked TF binding or histone acetylation. The assays were performed at 0 or 6 h after IFN␥ treatment, as in the ChIP-chip study, and also at 24 h to assess late histone acetylation, as well as other histone modifications.
6 h after IFN␥ treatment, IRF1 binding was confirmed at 83% (10/12) of orphan sites, rising to 100% by 24 h (Fig. 5 ). In contrast, STAT1 and H3ac signals were negligible at 10 of 12 sites and very low at the remaining 2 (cf. positive controls at CIITA and SOCS1 loci; Fig. 5 ). There was no H3ac or H4ac induction at any site after 6 h, still no H3ac at 24 h, and only 2 of 12 sites exhibited H4ac at 24 h. These analyses validate the ChIP-chip data, and further reveal that, apart from rare cases, acetylation is absent rather than delayed at orphan sites.
We also examined histone methylation in these follow up studies. H3K4me3 marks promoters, and consistent with the location of orphan sites outside annotated TSSs (Figs. 3A and  4) , none exhibited basal or induced levels of this mark (Fig. 5 ). H3K4me1 and H3K4me2 mark enhancers, and similar to acetylation, these modifications were not induced at 6 h (Fig. 5) . At 24 h, H3K4me1 was induced at one of the two sites also marked with H4ac, whereas H3K4me2 showed low-level induction at several orphan sites, including both those marked with H4ac (Fig. 5) . Thus, there is some low-level IFN␥-induced methylation at orphan sites, consistent with a potential enhancer function in some contexts, but it is delayed and below the basal or induced levels at active enhancers (cf. positive controls in Fig.  5 ). These data reveal a dearth of activating histone modifications linked to IRF1 binding at orphan sites.
IRF1 recruitment without histone modification
To address the generality of these findings, we assessed acetylation at orphan sites in the SW13 human adrenal carcinoma cell line. These cells lack BRG1, a chromatin remodeling enzyme critical to prime IFN␥ targets for recruitment of IRF1, other TFs, and subsequent chromatin modifications (4, 24 -26) . Therefore, this approach also allowed us to assess whether orphan sites, like other IFN␥ regulated elements, exhibit BRG1 dependence. We repeated the above ChIP-qPCR experiments in SW13 cells transduced with adenovirus vectors expressing Figure 5 . A dearth of activating chromatin marks at orphan IRF1 sites in HeLa cells. ChIP-qPCR was performed to detect STAT1, IRF1, and the indicated coactivators or epigenetic marks in HeLa cells 0, 6, and 24 h after IFN␥ treatment. Tested sites included 7 positive controls (ctrls), 4 negative controls at the CIITA and SOCS1 loci, and 12 randomly selected orphan IRF1 sites (Or1-Or12). *, site at which the IFN␥-induced signal is Ͼ2-fold above basal levels at the same site and also Ͼ2-fold above the signal at the negative control ϩ46 kb site near SOCS1 after treatment. #, site at which basal levels are Ͼ2-fold above basal levels at the ϩ46 kb negative control site. The data are expressed as percentages of input and are from at least two independent experiments, and error bars indicate the range.
either GFP or BRG1, as described (25) . One day after viral transduction, the cells were stimulated with IFN␥ for 0, 6, or 24 h. Strong STAT1, IRF1 binding, and H3/4ac induction was observed at positive control sites, which was BRG1-dependent as reported before (Fig. 6) (4) . No TF recruitment or H3/4ac was seen at any of the negative controls. All 12 of the orphan IRF1 sites found originally in HeLa cells showed BRG1-dependent IRF1 binding in SW13 cells (Fig. 6) . STAT1 was absent in 10 of 11 of the sites and very weakly induced at the remaining site (Fig. 6 ). H3ac and H4ac were unaffected at 9 of 12 and 8 of 12 sites, respectively, and positive sites exhibited only weak induction (Fig. 6) . Similarly, H3K4me1 was induced at only 3 of 12 sites by 6 h, rising to 6 of 12 at 24 h, but again, induction was typically lower than basal or induced levels at positive control enhancers (Fig. 6) . These data indicate that orphan sites are bona fide IRF1 targets in different cell types and show that despite the atypical downstream response, the upstream regulation of recruitment matches that of productive IRF1 enhancers. Moreover, although SWI/SNF permits IRF1 binding, it is insufficient to ensure subsequent coactivator recruitment, invoking the role of other factors.
Repressive chromatin and coactivator absence characterize orphan sites
The inability of IRF1 to induce acetylation at orphan sites could reflect inactivation of recruited HATs or failure of IRF1 to recruit HATs. To distinguish between these possibilities, we assessed p300 and CBP binding in HeLa cells, because IFN␥-induced recruitment of these HATs occurs at multiple CIITA enhancers (4, 25) . p300/CBP binding was detected at several of the acetylated positive control enhancers but was absent at orphan sites, with the notable exception of the two orphan sites 
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that also showed delayed induction of H4ac (Fig. 5 and Fig.  S4A ).
IRF1 is insufficient to recruit HATs at the GBP2 promoter unless STAT1 is also present (12) . However, 25% of physiologically relevant IRF1-binding events induce acetylation without corecruitment of STAT1 (Fig. 3C) . Potentially, chromatin context interferes with coactivator recruitment at orphan sites. Thus, we next assessed whether repressive histone methylation is associated with orphan sites, including H3K9 and H3K27 methylation. H3K9me3 was present at orphan sites, but at very low levels (Fig. 6) . However, high levels of H3K27me3 marked half of the orphan sites (Fig. 6) . Thus, the inability of orphan sites to recruit HATs may be linked to a repressive chromatin environment.
Discussion
Recruitment of activators to DNA is associated with histone modifications. Here, we used H3 and H4 acetylation as proxies to indicate productive STAT1 and IRF1 recruitment to DNA in vivo. STAT1 binding was virtually always associated with histone acetylation, primarily of histone H4. Prior work revealed that IRF1 binding to the GBP2 promoter is insufficient for histone acetylation in the absence of STAT1 (12) . The extent to which such unproductive IRF1 binding occurs naturally was unknown. By integrating prior STAT1/IRF1 ChIP-chip data (11) with new H3ac and H4ac ChIP-chip data, our results show that at isolated IRF1 sites lacking STAT1, 25% undergo inducible histone acetylation, 31% exhibit constitutive histone acetylation, and 44% show no histone acetylation (orphan sites). Thus, IRF1 does promote histone acetylation independent of STAT1 but in a context-specific manner.
In addition to acetylation, IRF1 binding to orphan sites also did not induce activating histone methylation marks. Thus, multiple features argue that IRF1 recruitment is indeed unproductive at these locations. Similar results were observed for multiple test sites in both cervical epithelia (HeLa) and adrenocortical (SW13) cell types, suggesting broad relevance. Binding of IRF1 to orphan sites was BRG1-dependent, exactly like acetylated IRF1 sites; thus the upstream regulation of activator recruitment is typical, even though the downstream result is unproductive.
Acetylation at IRF1 sites correlated precisely with corecruitment of coactivators like p300 and CBP. Such productive enhanceosome formation may depend on cooperation with other DNA-bound activators that together produce an ideal binding surface for coactivators (6) . In line with this idea, STAT1 and IRF1 binding together almost always induced acetylation. However, STAT1 is not a prerequisite for productive enhanceosome formation, because we identified many isolated IRF1 binding events that induced histone acetylation. Our genome-scale analyses reveals key genomic and biochemical features that distinguish contexts in which IRF1 does or does not induce acetylation. First, most isolated IRF1 sites that are acetylated inducibly or constitutively are promoter-proximal, whereas the vast majority of orphan sites are remote (Fig. 3C) . In addition, the latter sites are often associated with repressive chromatin that is hypoacetylated and/or marked with repressive histone methylation (e.g. H3K27me3). Thus, genomic location and chromatin context appear to be key features that influence the ability of IRF1, in the absence of STAT1, to activate an enhancer. Limited accessibility could interfere with the recruitment of other TFs to nearby sites and thus impede construction of a full enhanceosome. H3K27me3 is deposited by polycomb repressive complex 2 (PRC2), which BRG1 combats to ensure ISGs remain IFN responsive (26, 27) . In BRG1-deficient cells, PRC2/H3K27me3 completely blocks IRF1 (or STAT1) binding, but at orphan sites marked with H3K27me3, IRF1 could bind, providing BRG1 was present. It would be informative in the future to use chromatin accessibility assays to compare orphan versus nonorphan sites and to define whether PRC2 has any role in blocking HAT recruitment at orphan sites.
Recent work showed that IRF1 competes with IRF4 at the interleukin 9 locus in T helper 9 cells (28) . This intriguing property is distinct from the orphan sites we identified here, because whereas IRF1 reduces histone acetylation at the IL9 locus, the orphan sites in our study are already completely deacetylated. Thus, at the IL9 locus in T helper 9 cells, IRF1 actively represses transcription, whereas at orphan sites in HeLa and SW13 cells, multiple criteria indicate that binding is simply unproductive rather than actively repressive.
The function of nonproductive IRF1 recruitment is unclear. Our data indicate that the most proximal gene is usually an ISG, arguing that they could be functional in certain contexts. Conceivably, orphan IRF1 sites may increase responsiveness to a second signal or so-called "priming." This appears to be the case for the tumor necrosis factor locus in monocytes and macrophages where IFN␥ induces IRF1 recruitment to an upstream enhancer without affecting H3K27 acetylation but promotes subsequent responsiveness to lipopolysaccharide (29) . Orphan IRF1 sites may thus prime enhancers to respond to this or other foreign agents.
The absence of chromatin activity at a large subset of IRF1 sites resembles observations at a subset of ER␣ targets (7, 8) . Nuclear receptors can act as silencers or activators, so it was unclear whether the absence of positive chromatin activity might apply to activators other than ER␣. Our work suggests that unproductive activator binding is a general phenomenon. Presumably, orphan sites may be functional in a distinct cell type or in response to another signal. Irrespective, this discovery suggests that interpretation of binding data requires insight into the functional consequences of TF binding.
Experimental procedures
Cell lines and adenovirus transduction
HeLa-ini1-11 cells (HeLa) and SW13 cells were grown as described (24) . IFN␥ treatment and transduction with adenovirus was also as described (25) .
Custom oligonucleotide ChIP tiling array design
A custom oligonucleotide tiling array was designed to cover 11 genomic regions spanning a total of 16 Mb of human genomic DNA in 8 chromosomes (11) . Briefly, regions covered from 1 to 5 Mb genomic sequences. Arrays consisted of 50-mers, in quadruplicate, with median probe spacing of 80 bp within nonrepetitive DNA regions.
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